The dynamics of gametic frequency change have been analyzed in two experimental plant populations. Individual plants were scored for their genotype at four enzyme loci, and four-locus joint gametic frequencies were estimated from the genotypic data over generations. Striking correlations developed in allelic state over loci, including correlations between nonlinked loci, as these populations evolved. Furthermore, the same pair of four-locus complementary gametic types came into marked excess in the late generations of both populations. The results demonstrate that natural selection acted to structure the genetic resources of these populations into sets of highly interacting, coadapted gene complexes. They also provide evidence, at the level of the gene, that selection operating on correlated multilocus units is an important determinant of population structure.
Sexual reproduction and genetic recombination are capable of producing a virtually infinite array of genotypes. The potential diversity is especially striking in view of current estimates that indicate that at least one-third of electrophoretically detectable loci are polymorphic (1) (2) (3) (4) . A particularly challenging issue in population genetics is to determine how natural selection sorts out from the vast number of potential arrays of genotypes those arrays that confer high fitness on the population. Measurement of correlations in allelic state over loci in the gametic pool provides an important test of the extent to which natural selection reduces the potential genotypic frequency distribution.
Theoretical and numerical investigations show that complex relationships exist between selection, linkage, effective population size, and mating system when two or more loci are considered simultaneously. Exact treatments of two-locus symmetric viability models in which random mating and infinite population size are assumed show that up to seven interior equilibria are possible, and that equilibrium points .are given by complex functions of the recombination fraction and viabilities (5) . If population size is finite, recombination is restricted and, through the vagaries of sampling, wide fluctuations in disequilibria may result (6) . Inbreeding due to mating system also reduces effective recombination by lowering levels of heterozygosity, and very close inbreeding leads to drastic restriction of recombination with effects on equilibria equivalent to those of very tight linkage (7) .
Numerical investigations suggest that additional phenomena become involved when more than two, and especially when large numbers of, loci segregate simultaneously. Thus, Sved (6) finds that apparent single-locus selective values are much greater than actual selective values due to reinforcement of selection intensity over loci along the chromosome. Franklin and Lewontin (8) , assuming multiplicative heterosis, find that when recombination falls within certain critical ranges high correlations in allelic state accumulate rapidly along the chromosome; the effect of these correlations is to restrict the gametic pool to few gametic types, usually perfectly complementary to one another. These authors speculate that selection acts, not on single loci, but upon chromosomal blocks composed of highly interacting sets of loci.
Theoretical analyses of models involving two or more loci thus make it clear that the behavior of multilocus systems cannot, in general, be (12) . Three of these loci are very tightly linked, in the order B-0.0023 ± 0.0007 ---A--0.0048 ± 0.0008--C, while the fourth locus, D, is inherited independently of the first three.
Census data were obtained by analysis of 7-day-old seedlings grown from the bulk seed harvest of the generations selected for study. The seeds were germinated under ideal conditions and mortality was very low (<1%). Hence, the census data obtained are effectively equivalent to enumerations made at the zygotic stage.
RESULTS
The number of alleles of Loci A, B, C, and D introduced into CCII and CCV (10) were 3, 5, 3, and 5, and 4, 3, 3, and 4, respectively. In both populations one allele generally predominated at each locus and one or more of the other alleles was present in low frequency (the predominant allele was the same at each locus in the initial generation of both populations). With such substantial allelic diversity, the number of four-locus joint genotypes is very large. Consequently, to reduce the data to more managable proportions, we have combined alleles to create two allelic classes per locus, one consisting of the most-frequent allele (denoted allele 1) and the other a "synthetic" allele consisting of all other alleles combined (denoted allele 2).
Calculation of gametic input
In calculating gametic inputs, it is convenient to adopt and extend the notation of Weir et al. (11) . The relative frequency of a heterozygous genotype is written as 2f(AiBjCkDl,AnBmCpDq), where genes AiBjCkDl were contributed by the same parental gamete, and the relative frequency of a four-locus joint homozygote is denoted f((AiBjCkD1,AiBjCkD1). Thus, the relative frequency of a particular four-locus gamete can be found from the sums of appropriate genotypic frequencies. For example in the diallelic case, computed from the gametic contingency tables for all twolocus, three-locus, and four-locus gametes. that the 1221 and 2112 complementary gametic types, which are favored in CCV, are also favored in CCII. allelic gametes, because expected numbers were too low in many classes. Hence, to quantify the triallelic disequilibria we have used a parameter of gametic phase disequilibrium, defined as di, = g11 -piq1 (13) , where gij is the relative frequency of a two-locus gamete with the ith allele at one locus and the jth allele at the second locus; pi and qj denote the relative frequency of the ith and jth alleles at the first and second loci, respectively. Since dfj depends on gene frequencies, we express it relative to the most extreme value it can take for a given gene frequency:
whichever is greater, if day > 0. The total relative gametic phase disequilibrium for any two-locus pair, say A-B, is measured as
a weighted mean over gametic types. Table 6 displays the D' estimates for all six two-locus pairs in both populations.
In CCII D' reached over 50% of its maximal value by generation 7, after which there was a slight decline through the intermediate generations, followed by an increase to more than 75% of maximum possible disequilibrium in generation 41. In CCV regular increases occurred in D' from the early to the late generations, by which time the population had achieved nearly 50% of maximum disequilibrium. In both populations the very tightly linked B-A-C loci show generally larger interactions with each other than with the unlinked D locus. Among the three tightly linked loci, the A locus shows the smallest pairwise interactions in its combinations with the other three loci. Since the A locus lies between loci B and C on the linkage map, the differential tendency of the three loci to form correlated pairs suggests that it is the effects of interactions among these specific loci that are being measured. Although the changes that occurred in CCII and CCV provide strong evidence that selection altered associations among alleles of the four enzyme loci, these changes do not in themselves establish whether the enzyme loci are the unit of selection or whether they are neutral markers for blocks of genes surrounding each locus. However, the botanical history of the A, B, C, and D locus polymorphisms provide evidence on this point. The alleles at these four loci that were monitored in the two populations are found in the wild progenitor of barley, and these alleles also have a world-wide distribution in cultivated barley (Kahler and Allard, unpublished data).
Thus, the polymorphisms in question are evidently ancient ones, and in such long-established polymorphisms it is ex-Proc. Nat. Acad. Sci. USA 69 (i972) pected that neutral isoalleles will be in equilibrium with alleles at all other loci. Thus, if the A, B, C, and D locus alleles are neutral, it is expected that they will be randomly distributed with respect to background genotype in the barley species as a whole. It is also expected that vagaries of sampling associated with the synthesis of CCII and CCV from small samples of the total variability of the barley species (28 and 30 parents, respectively, for CCII and CCV) might cause particular A, B, C, and D locus alleles to be associated nonrandomly with respect to blocks of genes that are favored in the environment of Davis, California. This in turn might have led to correlations among the alleles of the enzyme loci as selection organized the associated loci into interacting complexes. However, it is highly unlikely that the same sampling accident would occur in both populations. Thus, the fact that the same four-locus combination of allozymes was favored in both populations indicates that the enzyme loci are not mere neutral markers but that they themselves contribute to the aggregate effect on fitness of the block of genes in which they are embedded. The development and maintenance of such highly correlated gene complexes in these two populations also highlight the critical relationship between selection and restriction of recombination in the structuring of genetic materials. Favorable combinations of alleles involving the A, B, and C loci are protected from breakup by the very tight linkages between these three loci. However, favorable associations involving the unlinked D locus are not so protected and the fact that this locus was incorporated into the four-locus complex shows that restriction of recombination due to close inbreeding can also prevent breakup of favorable associations of alleles. Since inbreeding restricts recombination between all loci, whether on the same or different chromosomes, it presumably ties the entire genotype together. Surveys of additional loci in these two populations should throw light on the interesting question of whether correlations exist between all loci in CCII and CCV, and in all heavily inbreeding populations.
It is now evident that a high proportion of populations of predominantly self-fertilizing plants maintain very large stores of genetic variability, not only for enzyme loci (4, 10) but also for genes governing morphological polymorphisms and quantitative characters (15) . The maintenance of such substantial genetic variation has been most difficult to explain within the framework of single-locus theory. In barley, for example, which is more than 99% self-fertilized (10), the reproductive value of heterozygotes must be nearly double the mean of the reproductive values of the homozygotes for stable nontrivial polymorphisms to exist (16) . Thus, the number of polymorphisms that can be maintained by singlelocus heterozygote advantage is clearly very limited in heavily inbreeding populations. The persistence of extensive variability in such populations is, however, compatible with the occurrence of marked excesses of perfectly complementary multilocus gametic types of the kind found in the present study. So also are the moderate excesses of heterozygotes that have been found in CCV (10) and in other inbreeding populations (15, 17) .
Although the present study does not establish the mode of selection, previous studies indicate that several types of selection may be involved in the development and maintenance of coadapted blocks of genes. Examination of twolocus zygotic arrays in CCV showed that each allele at any one locus is favored in at least one combination, and at a disadvantage in at least one combination with alleles at each other locus (11) . Such epistatic interactions lead to frequencydependent selection of a type that might favor the development of balanced gene complexes. Another study of CCV revealed that reproductive capacity is often higher when individuals compete with genotypes other than their own (18) . Such intergenotypic interactions also lead to a frequencydependent type of selection that could promote the development of coadapted blocks of genes. Still another type of selection was indicated in a study of natural populations of the slender wild oat, Avena barbata; in this study, multiniche selection appeared to contribute to marked excesses of complementary five-locus gametic types similar to those observed in CCII and CCV. Two main features emerge from the present study: (i) that selection, whatever its form or forms, acts to structure the genetic materials into highly interacting sets of loci, or coadapted gene complexes (9); (ii) that this has the effect of reducing the enormously large potential genotypic frequency distribution in ways such that those genotypes that confer high fitness occur much more frequently than would be expected if the genes act independently of one another.
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